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PREFACE

This book contains a compendium of various research activities carried out by the authors
in the latest years in the field of energy efficiency and territorial sustainability of distributed
energy production. These activities have been developed by following the specific conceptual
line of characterizing distributed systems for combined energy production in a synthetic
fashion and by exploiting simple and intuitive energy-based approaches. In this outlook, the
energy system components are described through output-to-input black-box efficiency
models. The whole energy system model is built on the basis of the component black-boxes
and of suitable characterization of the energy flow interactions within the plant and with
external energy networks. We identify the interconnected structures analysed with the label
“Distributed Multi-Generation” and denote it with the acronym DMG.

The content of this book is relevant to a number of aspects related to energy efficiency,
with further potential extensions to environmental as well as economic analyses. The main
objectives are to provide a general overview on DMG structures, with specific focus on
Combined Heat and Power (CHP) and Combined Cooling Heat and Power (CCHP) plants,
although other energy carriers can be entailed in the framework developed. The reader is
assumed to be familiar with basic thermodynamic concepts taught in undergraduate courses
of science and engineering. Some of the key issues addressed are DMG plant structures and
equipment, component characteristics and models, assessment framework to compare DMG
structures with conventional separate production, and examples of energy assessment of
various technologies for planning studies. Various openings to other key issues concerning
environmental impact, interactions with renewable sources and external networks, and
distributed multi-generation economics, are also included. A relevant outcome of the
approach presented is that the structure of the indicators derived is consistent with the
representation of the primary energy saving indicators already adopted for regulatory
purposes for cogeneration. Indeed, the indicators presented extend the concept of primary
energy saving to multi-generation systems, and create a set of further indicators to assess the
environmental impact from such systems, covering a missing element in the current
regulation. In addition, as also briefly discussed, starting from the energy performance
assessment methodology formulated, environmental impact assessment models could be
derived as well, leading to a unified framework defining the related indicators with the same
formal structure.

Most of the material illustrated in this book has been elaborated starting from research
works recently presented by the authors at scientific conferences and taught in doctoral
courses and international seminars. The concepts and methods presented are intended to
provide a base set of information, from which it is possible to start carrying out more detailed
studies in various directions. For instance, these directions include the set up of advanced
time-domain simulations and comparisons with actual system operation, economic
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evaluations based on multi-objective or multi-criteria optimisations, the incorporation of
environmental analyses according to life-cycle assessment concepts, and so forth.

The DMG concepts and applications are also addressed in various papers written by the
authors, listed in the references and recalled in the text. The material has been rearranged
under an original and systematic structure, to reflect the authors’ interdisciplinary view
concerning the contents presented. This makes this book unique. Several other references to
important and recent works appeared in international books and journals are provided to assist
the interested reader in gathering the relevant information concerning the state of the art of
the various topics addressed in this book. Our intention and hope is that the readers will find
in our DMG energy models and analyses useful hints and benefits for their research and
relevant activities.

Pierluigi Mancarella and Gianfranco Chicco

September 2008
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NOTATION

ACRONYM LIST

Auxiliary Boiler

Alternating Current

Additional Generation Plant
Absorption Heat Pump

Absolute Trigeneration Heat Rate
Combined Cycle Gas Turbine
Combined Cooling Heat and Power
Compression Electric Refrigerator Group
Chlorofluorocarbons

Cooling Generation Plant
Combined Heat Cooling and Power
Combustion Heat Generator
Combined Heat and Power
Cooling Heat Rate

Cooling-side Incremental Trigeneration Heat Rate
Coefficient Of Performance

Direct Current

District Cooling Network
Distributed Energy Resources
Direct-Fired Chiller

Direct-Fired Heat Pump
Distributed Generation

District Heating

Distributed Multi-Generation
Demand Side Management
Demand Response

Distributed Storage

Engine-Driven Chiller
Engine-Driven Heat Pump
Electricity Distribution System
Energy Efficiency Ratio

Electrical Incremental Heat Rate
Electrical-side Incremental Trigeneration Heat Rate
Electric Heat Pump

Electrical Heat Rate

Energy Service Company

Energy Utilisation Factor
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FC Fuel Cell

FESR Fuel Energy Saving Ratio

GAHP Gas-fired Absorption Heat Pump

GARG Gas-fired Absorption Refrigerator Group
GAX Generator Absorber heat eXchange

GDS Gas Distribution System

GHG Greenhouse Gas

GT Gas Turbine

GWP Global Warming Potential

HC Hydro-Carbons

HCFC Hydro-Chlorofluorocarbons

HDS Hydrogen Distribution System

HHV Higher Heating Value

HPR Heat-to-Power Ratio

HR Heat Rate

HRC Heat Recovery Condenser

HRSG Heat Recovery Steam Generator

HVAC Heating Ventilation and Air Conditioning
ICE Internal Combustion Engine

ICT Information and Communication Technologies
IFAC Indirect-Fired Absorption Chiller

IHR Incremental Heat Rate

IPLV Integral Part Load Value

ITHR Incremental Trigeneration Heat Rate
LCA Life Cycle Assessment

LHV Lower Heating Value

MG Multi-Generation

MPPT Maximum Power Point Tracking

MT Microturbine

mu monetary units

ODP Ozone Depletion Potential

OTHR Overall Trigeneration Heat Rate
PCO2ER  Poly-generation CO, Emission Reduction
PCU Power Conditioning Unit

PER Primary Energy Rate

PES Primary Energy Saving

PPES Poly-generation Primary Energy Saving
pu per unit (referred to a relevant base quantity)
PV Photovoltaic

PV/T Photovoltaic/Thermal

oI Quality Index

RC Rational Criterion

RES Renewable Energy Sources

SE Stirling Engine

SP Separate Production

TD Transmission and Distribution

TEUF Trigeneration Energy Utilization Factor
THR Thermal Heat Rate

TIHR Thermal Incremental Heat Rate

TIT Turbine Inlet Temperature
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TITHR Thermal-side Incremental Trigeneration Heat Rate
TPES Trigeneration Primary Energy Saving

UHC Unburned Hydro-Carbons

VPP Virtual Power Plant

WAHP Water Absorption Heat Pump
WARG Water Absorption Refrigerator Group

SYMBOLS -

hot water thermal energy [kWh]
cost, in [mu] or [mu/year]

set of useful energy demand outputs
exergy [kWh]

fuel thermal energy [kWh]

solar irradiance [W/m’]

hydrogen thermal energy [kWh]
losses [kWh]

heat [kWh]

cooling [kWh,]

steam thermal energy [kWh]
temperature [K]

electricity [kWh,]

generic energy vector [kWh]

mass [g]

mass flow rate [kg/s]

dispatch factor

capital charge factor

electricity production cost [mu/kWhe]
effectiveness

efficiency

cogeneration ratio

emission factor [g/kWh]

price [mu] (related to specific quantity units)
generic model parameter

lambda transform

P TV R OCIOCRNRIIIIXNINIONTQTIHOAON

SUBSCRIPTS AND SUPERSCRIPTS

Subscripts and superscripts are used to represent equipment, energy sources or end use,
and to specify the measuring units. The above defined acronyms and uppercase Latin letters
can be used as superscripts or subscripts as well. Numbers can also appear as subscripts to
represent specific instances of the corresponding variables.

a artificial
b hot water
c cooling
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demand

electricity

fuel

hydrogen

input

output

poly-generation

reversible

thermal

useful

value-weighted

generic type of energy
cogeneration

trigeneration

ambient

Carnot cycle

investment

first law of thermodynamics
second law of thermodynamics
operation and maintenance
dispersion

stack

QQ,,E:»—‘Nq;kN&fxé:N;é"ccmw\m&
<



CONTENTS

PREFACE VIl
CONTENTS IX
NOTATION XV
ACRONYM LIST ..ueiviiiiiirietietecteiteeeteeesesteseeseeseeesstestssssssebaesess s s et essssass e b et ssenenesissassnsasans XV
S VB DTS 555508 S A AR RS BB S wsa i swwondsamaonasomsmmasmsaas oA TR RENES P LA STUR TR AN XVII
SUBSCRIPTS AND SUPERSCRIPTS ....cuveuteuieienseriesteriensisnensensesneraessessssansessssessessesmesessssssansnsanes XVII
LIST OF FIGURES XIX
LIST OF TABLES XXIII
INTRODUCTION 1
CHAPTER 1
THE DISTRIBUTED MULTI-GENERATION FRAMEWORK 3
1.1. RECENT ENERGY SYSTEM EVOLUTIONS ......ccoiiiiiiiniieientiniiniesiesiesiesscsiee s 3
1.2. BACKGROUND FRAMEWORKS: DISTRIBUTED ENERGY RESOURCES .....cocoviurieuininieninuennnes 4
1.3. BACKGROUND FRAMEWORKS: COGENERATION ......cocuintiniiintinrenraieniesnetessesnesensicsasennes 7
1.4. FROM COGENERATION TO MULTI-GENERATION ....cccovuiiuuiuinrenienienseesiessesnenseeseniessneniens 8
1.5. THE DISTRIBUTED MULTI-GENERATION (DMG) PARADIGM ....ccoovriimieiiininiciinieiiininnnns 11
CHAPTER 2
DISTRIBUTED MULTI-GENERATION SYSTEMS: STRUCTURES AND SCHEMES
15
2.1. MULTI-GENERATION PLANT STRUCTURE .....cocuintiinuiinieniinienienteiestesnietsssssnssnissnsnees 15
2.1.1. Overall BIOCK SIFUCIUFE.............ooeeeeeeeeiieeeeeeeeeee et 15
2.1.2. Energy vector deSCriDlion................cooueoeeieuiiiininisieintiiies s 17
2.2, THE CHP BLOCK ....ooveevvetenieeeesresseseesseeseessesstsssessessasisssssasssessassassasssessassssanessessessessess 19
2.2.1. Equipment and CRAFACIEFISLICS. ............cccoeveveieiiiiieininisisissttc s 19
2.2.2. Prime mover CONtrol SIFQLEQIES..............cccouuroiivuiiiiiiieienienieiieeie e 21
2.3. THE AGP BLOCK ...ccvietietiiteietetetssesteseestesreseest st sasssesae s esassseb s esasbassa st sstssensn st snssanes 22
2.3.1. AGP equipment in separate linking mode....................ccoooevninicnnnnciiicncinnnns 22
2.3.2. AGP equipment in bottoming linking mode......................cccoovciicccnnnninnnns 23
2.3.3. Other qUIPMENL .............c.cc.covveciiiiiiiiiiiieee et 23
2.4. INTERACTIONS WITH EXTERNAL SYSTEMS....cccevtiriruinriiieineesieninnnesscessessesseescsssesaneneens 24
2.4.1. EXErNAl NEIWOFKS ........oooevveeeeeieerieee ettt st st 24

2.4.2. DiStributed SIOFAGE ...........ccuouvveeeeeeieieeiiicciiiiie e 25



Pierluigi Mancarella and Gianfranco Chicco

2.4.3. Renewable energy sources and Rybrid SYStemS..........c...ccoovvvviviimnnniinininicsnnn. 26
CHAPTER 3
MULTI-GENERATION COMPONENTS: CHARACTERISTICS AND MODELS..... 27
3.1. COGENERATION PRIME MOVERS......ccccciiintinrinieninienistsentestsnsssisissssssssass st 27
3.1.1. GEREFAI ASPECES. ... 27
3.1.2. Internal COmbBUSLION ERGINES...........c..ccocueiimmimiiiiiiniseisieiiniieiiiss e 31
3.1.3. MICFOIUIBINIES. .........c.ooveeeeeeeieeieeienieeteeeeeec ettt 35
3.1.4. SHITING @RGINES ...t 42
3.2. COMBUSTION HEAT GENERATORS ....ccveuetiiiireiarnimaransstssetssesstsassansnnansassssssssasssncsnssases 43
3.2.1. General aspects of heat generation groUPS ...............c.coeueueurenisisiininininicnsnine, 43
3.2.2. Boiler efficiency Qnd I0SSES..............cccoovuviniiiniiiiniiisininiiiis s 44
3.2.3. Partial-10ad CRATACEETISHICS .......eeoveveeeuveiiiiiieieteitesie et 46
3.3. COOLING GENERATION PLANT EQUIPMENT ......coiieimiieienieesnenseeneniniennssnsessnsssssssesanens 48
3.3.1. Generalities on cOOlING PIANLS ..............ccoiemiiiiieininiiiiicii e 48
3.3.2. Cooling plants CRAPACIEFISHICS ............coviuniuniininiiiiiniiis s 49
3.3.3. Vapour compression CRIllers ... 50
3.3.4. ABSOTPHON CRIIIETS............cocoiiiiiieiiieisisii s 56
3.3.5. AdSOrption CRIIETS...............cocouvviiiininiisisinii s 64
3.3.6. HEQE PUIMPS ... e 65
3.3.7. Engine-ariven CRIllErs..................coovviniininiiiniiniisinii s 72
3.4. HEAT RECOVERY IN COOLING PLANTS ....ccotiiiiiniiiiniieccitininins s 76
3.4.1. General models for bottoming cycle heat recovery in cooling plants.................. 76
3.4.2. The EHP for heat recovery bottoming Cycles.................cocoovmiiinninininnininen: 77
CHAPTER 4
DISTRIBUTED MULTI-GENERATION PLANNING 79
4.1. PLANNING ISSUES WITHIN THE MULTI-GENERATION FRAMEWORK .....couvvmmenieiieiinanennens 79
4.2. CHARACTERIZATION AND PLANNING OF A COGENERATION PLANT .....cccoovniiiniinininnnes 81
4.2.1. Load duration curve aRAlYSis............occcccevenmiininneniniiiiiii e 81
4.2.2. The cogeneration ratio for generation and 10Gd....................cooovvviiiiiiiniicinss 82
4.2.3. “Unmatched” plant and energy interaction modelling ................cccoococvvvicies 83
4.2.4. Time-domain load characterization of a cogeneration plant......................c.c.... 86
4.2.5. Time-domain production characterization of a cogeneration §1] (1171 SER— 86
4.3. CHARACTERIZATION AND PLANNING OF A MULTI-GENERATION PLANT......cocccovuiinnnn. 88
4.3.1. The effect of cooling power generation: the trigeneration lambda analysis......... 89
4.3.2. Cooling power generation effect on the cOgeneration ratio ...............c.c.coceveenes 89
4.3.3. Cooling power generation effect on the load duration curve analysis ................ 92
4.3.4. Heat/cooling power production effect in the AGP: the multi-generation lambda
ARALYSES ....ovviveisisessessserssmsssssnssssasssssasassesssnsessessesssasiasessasms s s sas s st asessessenssisssmsnss 92
4.3.5. The 1ambda tranSfOrmS ...........ccoveioiuimmmimieiiisisss s 93
4.4. PERFORMANCE INDICATORS FOR MULTI-GENERATION EQUIPMENT ......ccoiiiiinininincncnes 94
4.4.1. Input-output black-box modelling approach....................ccoovvviinininsiicien: 94
4.4.2. Efficiency indicators for black-box MOEIS.................ccococoviiiisiniiniiiniisiinnnn: 95
4.5. HEAT/COOLING GENERATION IMPACT ON THE COGENERATION SIDE: EXPRESSIONS FOR
THE LAMBDA TRANSFORMS ....cceuteuterereeersestensesssseiasasssssssessesstastostssessassasssssassuscsscssss 97
4.5.1. Separate cooling/heat 8ENEratioN....................ccovrinimiiiisisisiiinis 102
4.5.2. Bottoming COOlING GENEFALION. .............ceueuiiimiiiniiiiiiieit s 103
4.5.3. Bottoming heat GEREFALION..............c.cvvuvmmeinininiiiiciciten s 104

4.5.4. The heat recovery from chillers inthe AGP..............ccccoooniinnnne. 105



Contents xi

4.5.5. An alternative point of view: transformation of the prime mover characteristics

ANd AytFaRSFOTINS ... e 106

4.6. THE LAMBDA ANALYSIS AS A PLANNING TOOL.......ccooiiniiiiiciricccicinee 108
4.6.1. The multi-generation energy system planning process.................ccececeeverenene. 108
4.6.2. AGP selection resorting to the lambda analysis.................c.coocceevccrecunnnnne 108
4.6.3.  Suitability of multi-generation solutions to different load configurations....... 109
4.6.4. Suitability of specific trigeneration solutions to load configurations ................. 110
4.7. CASE STUDY APPLICATION ....cociitiuiiiniiiiiiicnc sttt snsaesae s aensesenis 113
4.7.1. Description of the trigeneration USer ....................cccceceeeeeererereerecenenieneeeeenennes 113
4.7.2.  The lambda analysis applied to the cooling power generation equipment: results
of the Iambda traANSfOTMS ............cooeeveveieiiiieieieieeee s 115

4.7.3. Discussion on the prime mover SeleCtion.................cccceeueveveeevevueirieerenienenenenens 117
4.8. REMARKS ON MULTI-GENERATION PLANNING ......cccoviiuiiiiiniiniiciieinscssicsieaennes 123

CHAPTER 5

ENERGY PERFORMANCE ASSESSMENT: RATIONALES AND INDICATORS.. 125

5.1. GENERALITIES ON THE METHODOLOGY ADOPTED FOR DMG ENERGY ASSESSMENT. 125

5.1.1. DMG energy system assesSment approaches..............c...coccceceereereerecrecnenenncns 125
5.1.2. DMG energy system model with a black-box-based approach........................... 126
5.2. UNIFIED APPROACH TO SINGLE AND MULTIPLE ENERGY VECTOR PRODUCTION........ 127
5.2.1. Output-to-input first-law performance indicators for equipment and networks . 127
5.2.2. Evaluation of different types of energy: the need for a common metric.............. 128
5.2.3. Energy chain model for DMG SYSIEMS..............c.cccorurvenueereseeneinisieinieieienesnens 129

5.2.4. Single energy vector assessment for trigeneration cases: the Primary Energy
Rate (PER) indicator and the Absolute Trigeneration Heat Rate (ATHR) array

......................................................................................................................... 130
5.2.5. The Thermal Heat Rate (THR) in thermal-only production................................ 131
5.2.6. The Cooling Heat Rate (CHR) in cooling-only production ............................... 132
5.3. BENCHMARK MODELS FOR SEPARATE PRODUCTION OF HEAT, ELECTRICITY AND
COOLING POWER ......ciiiiiiiiiiiiiiiiniictt et n s 133
5.3.1.  Conventional reference model for separate production of electricity: equivalent
POWEF DIANL ...ttt 134
5.3.2.  Conventional reference model for separate production of heat: equivalent boiler
......................................................................................................................... 134
5.3.3.  Conventional reference model for separate production of cooling power:
equivalent electric CRIIEE ..............ccoooeeuieeeiieieeeceseee e 135
5.4. PERFORMANCE EVALUATION CRITERIA FOR CHP SYSTEMS ..o 135
5.4.1. Model for cogeneration of electricity and heat..................ccccovcevcvvceiinnennnnnne. 136
5.4.2. Cogeneration first law efficiency or Energy Utilisation Factor (EUF).............. 136
5.4.3. “Value-Weighted” Energy Utilisation Factor (EUF,,,)............cccccccevveveuecuennn. 136
5.4.4. CHP incremental iNAICALOFS ..............ccccooeeeeeieeeeiieieeiiee st eieens 137
5.4.5. Second law-based MOMEIS .................cccoeueveeoieceeeieiieieieeeeeee et 139
5.4.6. Fuel Energy Saving Ratio (FESR) or Primary Energy Saving (PES)................. 140
5.5. PERFORMANCE EVALUATION CRITERIA FOR CCHP SYSTEMS ......coccoveninieieeeeencnnenee 141
5.5.1. The evaluation of cooling power through reference electric chillers................. 142
3.5.2. Trigeneration Energy Utilization Factor (TEUF) ..............ccccoeevieveceneneenenns 142
5.5.3.  Absolute Trigeneration Heat Rate (ATHR) and Overall Trigeneration Heat Rate
(OTHR) ...ttt ettt s et b et ea et ettt eneesenen 143
5.5.4. Trigeneration Primary Energy Saving (TPES) .......c.cccccooivvmviivninicneninieens 145
5.5.5. Incremental Trigeneration Heat Rate (ITHR)..............cccccoooeiiincieieiienenecnen, 146
5.6. PERFORMANCE EVALUATION OF GENERIC DMG SYSTEMS .....cccocveeeieeeieeeeeereenceeeans 148

5.6.1. Primary energy saving as the favourite assessment Metric ...............c.cc.cc.o.e.... 148



xii Pierluigi Mancarella and Gianfranco Chicco

5.6.2. The Poly-generation Primary Energy Saving (PPES) indicator for DMG energy

SYSLEMS ANA NEIWOFKS..........oocveiiiieiiiicisi e 149
5.6.3. Rationales for the selection of the separate production models......................... 150
5.7. REMARKS ON DMG ENERGY PERFORMANCE ASSESSMENT METHODOLOGIES ........... 151
CHAPTER 6
COGENERATION ENERGY PERFORMANCE ASSESSMENT APPLICATIONS. 153
6.1. ENERGY CHAIN MODEL APPLICATION TO HEATING GENERATION.......cccvuvinineninansanss 153
6.1.1. Comparison between electric heat pumps and bOIlers..................coocvveiinnnes 153
6.1.2. Primary energy SAVINg ANALYSIS ...........cocooiviviininiiiiiiiiii s 155
6.1.3. Electric resistance REAtING..............c..covmeumiiienieiieiciiic it 156
6.2. HEAT-AND-ELECTRICITY COGENERATION ASSESSMENT EXAMPLES ........ccoceveininunnnes 156
6.2.1. General consideration onthe FESR .............ccccccooviiiiiniininiiniiniiiiiiis 157
6.2.2. CHP assessment through incremental indices................c..cococovvivninnnnnines 162
6.3. HEAT AND ELECTRICITY COGENERATION: CHP COUPLED TOEHP .....c.ccevviiiiiinns 164
6.3.1. Primary energy saving model for a composite CHP-EHP scheme................... 164
6.3.2. Incremental indicators for CHP-EHP GSSESSMENL.............ccccoovriviiiiiniinnnnenns 169
CHAPTER 7
ENERGY PERFORMANCE ASSESSMENT OF TRIGENERATION
ALTERNATIVES 173
7.1. CONSIDERATIONS ON REFERENCE MODELS .....ccovietieueniennenitiiinsiieininssissssssesssscsnens 173
7.2. COGENERATION OF COOLING AND ELECTRICITY (SEASONAL TRIGENERATION).......... 174
7.2.1. Primary energy saving break-even CONAItions..................cooovvviiiinininicincenn. 174
7.2.2. Primary energy Saving GSSESSMENL ............c.c.cucuiuimiiniminiiininssisisisiessisissinsais 176
7.2.3. INCremental ASSESSMENL .............c.covvueeuerrenreieiiitianeesesissb et 178
7 3. TRIGENERATION OF ELECTRICITY, HEAT AND COOLING POWER IN A CHP-WARG
SCHEME ... . vevereeeseesesesasessesesessasesesseseseestessssasassasessahasssses e s b et e b et e bt b s a ettt st 180
7.3.1. Trigeneration plant model and energy fOws .............ccocvvviniiiniiniinisnnnnn. 180
7.3.2. Energy saving break-even CORGItIONS ..o, 181
7.3.3. Trigeneration primary energy SAvVing GSSESSMENL..............ccovuvuivcicuismsmimminsiinss 183
7.3.4. Further issues related to CHP-chiller coupling.................ccccooovvienviniiininininnnn 186
7.3.5. General comments on the TPES reSUults............cccccovviiininicniinieiiiiiiiininns 186
7.3.6. Incremental trigeneration asSESSMENL................cooeuevviiimiiiinniinissninenns 188
7 4. TRIGENERATION AND PARALLEL COOLING PRODUCTION: CHP-DFC SYSTEMS.......... 190
7.4.1. Plant model and energy Balances ..................cccoooviiininiciinninininiiiiiiiscicen 190
7.4.2. Primary energy SAVing ASSESSMENE ............cooceueuiiiimnimiiimiinisisissties s 191
7.4.3. DMG applications with CHP-GARG COMBINGLION...............oovinviviiiiiiiiiinenn: 193
7.5. COMPOSITE TRIGENERATION SYSTEMS ....coouiuiiinrinrinernesensenestiisesnsissssssssissssesenins 195
7.5.1. Plant scheme description and energy models .................ccccccovmmiinnininenn. 196
7.5.2. Energy saving performance for different equipment characteristics and
OPEFALIONGL POINLS.........oooreiviiieieisisii e 197
7.6. DMG CASE STUDY ANALYSIS BASED ON TIME-DOMAIN SIMULATIONS ......ccccovnuene 199
7.7. REMARKS ON THE ENERGY PERFORMANCE ASSESSMENT EXAMPLES ......ccccovvinsunnenes 200
CHAPTER 8
EXTENDED DISTRIBUTED MULTI-GENERATION APPLICATIONS. ......ccceeeeee 201
8.1. INTEGRATED ASSESSMENT OF MULTI-GENERATION SYSTEMS WITH RENEWABLE
SOURGCES ...vveveeeeueesessessessensesssassessesessensessessssssssessessassassesessessesitssssssssassassasssessssssasins 202
8.1.1. Integrated CCHP-PV SYSIEMS...........cccovuiuiiniiiniiimninisisisisi s 202

8.1.2. Energy saving in composite trigeneration systems with PV generation............. 204



Contents xiii

8.1.3. Case study example.....ouwvsiossssasavammssssmssvemasssisvsssssstamstrisms s 205
8.2. DMG SYSTEMS AND INTERACTIONS WITH EXTERNAL NETWORKS .......cccovereeveenrennne 209
8.2.1. Equivalent demands on the energy network side.................ccccccovvnnnennnnns, 209

8.2.2. Evaluation of multi-generation alternatives with regard to network connection 210
8.3. ECONOMIC POTENTIAL OF DISTRIBUTED MULTI-GENERATION SOLUTIONS WITHIN

ENERGY-RELATED MARKET FRAMEWORKS.......ccoietiintiaianiintieienis ettt 215

8:3. 1. Energy-related Markets ... .cosssmsmssmmmnsnssemssisesssvvreimssmsnnsesssiassonss 215
8.3.2. Profitability of cogeneration systems in energy-related markets........................ 217
8.3.3. Extension to a trigeneration case and further COMments...................cc.ceeueuie. 223
8.3.4. Adoption of incremental indicators for trigeneration system economic comparison
......................................................................................................................... 224

8.4. ENVIRONMENTAL IMPACT ASPECTS......coiinimniiniiniiiereeiesieieeniesesie s ssesessesesessesnene 228
8.4.1. The emission factor model for CO; emission assessment ..................cc.ccoeveneene. 229
8.4.2. Emission reduction in multi-generation SYStems...............cccccoceeveirevieceniennennns. 230
8.4.3. Unified structure for energy and environmental indicators................................ 231
844, LOCAl eMISSIONS vz sssrosamssssmssmssssmmsssms s vars s s e ST ERS 5 as v ow e weven sw v mawas e i 232

8.5. FINAL REMARKS ON DISTRIBUTED MULTI-GENERATION PERSPECTIVES .......ccccovnvnnne 232
8.5.1. DMG planning perspectives................cccccoucivviuiiiiriireniiiininisieseie e 233
8.5.2. Perspectives for DMG system Operation..................ccccooeeeuenuiiiiieveinenisnnnnnns 234
REFERENCES 237
ABOUT THE AUTHORS 259

INDEX 261



Figure 2.1

Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16

Figure 3.17
Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

LIST OF FIGURES

Layout of a multi-generation plant with distinction between the CHP and
AGP blocks and interconnections to external systems.

Multi-generation configuration with separate AGP.

Multi-generation configurations with bottoming AGP.

CHP plant scheme.

Conceptual scheme of multi-generation system interactions with the external
energy networks represented as concentric circles. For instance, from the
inner to the outer circle: storage/HDS, RES, DH, DCN, EDS, and fuel/GDS.

Cogeneration ratio for different technologies and sizes.

Partial-load performance comparison for some CHP technologies.

ICE closed-loop hot-water heat recovery system.

Partial-load characteristics for a 836-kWe Otto ICE.

Partial-load thermal efficiency for a 105-kW,MT.

Electricity output and heat rate characteristics at different ambient
temperatures for a typical MT.

Electricity and heat output and electrical efficiency characteristics at
different ambient temperatures for a 60-kWe MT.

Typical configuration and components for a CHP recuperated-cycle MT.
Combustion heat generator schematic model.

Typical partial-load characteristics for boilers with on-off and modulating
burners (pu values are referred to rated base values).

Vapour compression chiller general scheme (77>75).

Simplified schematic diagram of a vapour compression cycle.

Absorption chiller general scheme (7,>715).

Comparison of partial-load characteristics for double-effect direct-fired and
single-effect hot water absorption chillers.

Dependence of partial-load characteristics for a single-effect absorption
chiller on the condenser cooling water.

Absorption chiller COP typical dependence on generator firing temperature.
Heat pump general scheme (77>73).

Example of COP comparison among Carnot cycle, Carnot cycle with heat
exchanger penalty, and real heat pumps.

Typical relation between cooling load and engine mechanical size.

Typical partial-load characteristics for an engine-driven screw compressor

chiller.
Typical energy balance in an engine used to drive a chiller compressor.

16
17
17
19

24

30
31
33
35
37

38
39
40
43
47
51
53
60
62
62
64
67

70

74

76
76



